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1.1 Origin of microglia 
Microglia are the resident phagocytes of the central nervous system and act as the main immune 
effectors against pathogens. They were first described as microglia by Pio del Rio Hortega (1919). They 
are broadly distributed throughout brain and spinal cord and form up to 20 % of the glial population 
in the central nervous system (CNS; Lawson et al. 1990). Despite the limited methodical spectrum 
available, Hortega was able to develop silver staining techniques to discriminate between 
oligodendrocytes, microglia and other cell- types of the CNS. In addition, he described the different 
origin, form and function of microglia as a minor population of ramified resting cells, which, in contrast 
to oligodendrocytes, exhibit migratory and phagocytotic activity (Rio-Hortega, 1939). Their cellular 
origin was largely discussed by various findings and has been a source of debates for many years. Nissl, 
Robertson, Cajal and Rio-Hortega proposed the idea that microglia do not share the neuro-ectodermal 
origin of neurons and astrocytes and derive from myeloid precursor cells. Following this idea several 
studies combined various immunohistochemical and microscopy techniques to identify similar 
features of microglia and macrophages (Murabe and Sano, 1982). Furthermore, microglia have been 
shown to be reactive to antibodies against macrophages and monocytes (Hume et al., 1983; Perry et 
al., 1989). They derive from primitive yolk-sac macrophages and establish during early prenatal 
development in the brain (Ginhoux et al., 2010; Kierdorf et al., 2013), where they subsist independent 
of blood-derived monocytes throughout the entire life span of the organism with a slow turnover at 
least in the absence of neuropathologies (Goldmann et al., 2016). 
Microglia invade the CNS from embryonic day (E) 8.5 and follow tangential and radial migration 
pathways to colonize all CNS regions. Their self-renewal potential is independent of bone marrow-
derived myeloid cells under physiological conditions (Ginhoux et al., 2010; Mizutani et al., 2012; 
Kierdorf et al 2013). At early stages of development microglia cells show the so-called amoeboid 
phenotype without or with very few processes, which is characteristic for immature microglia and 
affords their migration (Monier et al., 2007; Rigato et al., 2011). The expansion in the CNS coincidence 
with the vascularization process (Monier et al., 2006, Rigato, 2011) and is similar to vascularization and 
colonization processes in the upper cortical layer in postnatal stages (Arnoux et al., 2013). Remarkably, 
mouse models with few or no microglia share vascularization defects as well (Kubota et al., 2009).  
Another mechanism for the guidance of microglia, which is more relevant after developmentally early 
vascularization events, is the release of molecules like netrins and semaphorins (Spassky et al., 2002) 
as well as chemoattractants like MCP1 (Luhmann et al., 2012), chemokines like CXCL12 (Arno et al. 




to the absence of microglia in the first three weeks of age while knock-out mice exhibit varying degrees 
of microglial depletion (Ginhoux, 2010; Greter et al., 2012; Wang et al., 2012). 
Later in postnatal development more microglial-specific factors like the chemokine fractalkine, whose 
receptor CX3CR1 is exclusively expressed by microglia in the CNS parenchyma, (Cardona et al., 2008) 
are important for proper colonization. In CX3CR1 knock-out mice, the recruitment of microglial cells in 
the somatosensory cortex and hippocampus is delayed by several days (Paolicelli et al., 2011; Hoshiko 
et. al.,2012) suggesting a chemotactic mechanism or a migration defect of the microglia themselves 
(Liang et al., 2009; Arnoux et al., 2015). 
After entering the brain parenchyma and reaching their destined place, microglia change their 
morphology and physiological abilities. They acquire their unique appearance with a small cell soma 
and several highly motile processes. They were initially assumed to be an immobile cell type as 
astrocytes, but were later shown by live cell imaging as highly dynamic cell population in their “resting” 
state. They act as professional phagocytes of the CNS continuously surveying their non-overlapping 
area surrounding the soma for pathological changes (Kreutzberg, 1996; Nimmerjahn, Kirchhoff & 
Helmchen, 2005; Schulz et al., 2012). During healthy brain development they are able to remove dead 
or dying cells and can trigger apoptosis either indirect by release of apoptosis-inducing mediators or 
more directly by phagocytosis of neuronal precursor cells (Brown and Neher, 2014). 
Contrariwise there is growing evidence that microglia contribute to trophic support for establishing 
neuronal circuits and growing neurons in supporting elongation and extension of neuronal branching 
(Nakajima et al., 1993). Furthermore, they contact frequently pre- and postsynaptic elements with 
their processes and are able to modulate synaptic composition (Davalos et al., 2005; Nimmerjahn et 
al., 2005; Tremblay et al., 2010; Wake et al., 2019). During development and in the adult CNS, microglia 
are highly heterogeneous in their appearance and function due to their ability to adapt to surrounding 
environment. Their region-specific specialization is also reflected in their varying transcriptome profile 
in different regions of the CNS (Grabert et al., 2016). 
1.2 Synaptic refinement 
Dynamic remodeling of brain circuits including the formation, reorganization and deletion of synaptic 
circuits occurs through the entire lifespan of an animal as adaptive reaction to changing environment. 
Neural circuits in neonatal animals contain numerous redundant synapses. During maturation 
functionally important circuits are formed, strengthened and stabilized whereas unused synapses are 
eliminated. Many studies indicate a correlation between synaptic maturation and neural activity (Hua 
and Smith, 2004; Katz and Shatz,1996; Sanes and Lichtman, 1999). The process of synaptic refinement 
in developmental processes is described as pruning. Pruning is a phenomenon crucial for a 




experiments, undisturbed pruning in various brain regions is mandatory for healthy brain development 
(Kano, Hashimoto, 2009) and experience-dependent plasticity (Caroni et al., 2012). Several studies 
indicate that these processes are neuronal activity-dependent during a ‘critical’ or ‘sensitive’ period of 
development (Hensch, 2004; Katz, Schatz, 1996; Lichtman, Colman, 2000; Purves, Lichtman, 1980).  
First evidence of microglial contribution was observed under pathological conditions where they 
exhibit their phagocytotic function after facial nerve injury. Synaptic terminals from the cell body of 
motoneurons appeared to be “stripped off” by microglial cell processes (Blinziger and Kreutzberg, 
1968). Besides their known phagocytotic abilities microglia are able to influence synaptic properties by 
the release of specific mediators such as DAPK12KI (Béchade et al., 2013; Salter et al., 2014; Roumier 
et al., 2004). Other studies using in vivo imaging and electron microscopy (EM) studies in healthy 
mouse revealed that dendritic spines are frequently contacted by microglial processes in an 
experience-dependent manner. The removal of sensory stimuli leads to increased engulfed material 
and phagocytotic structures in the visual cortex of rodents (Wake et al., 2009; Tremblay et al., 2010).  
Other studies highlighted the role of astrocytes (Clarke & Barres, 2013), which induce the expression 
of classical complement cascade elements (Stevens et al., 2007; Bialas & Stevens, 2013). Complement 
receptor 3 (CR3) expression stimulates phagocytosis and spatially associates with complement factor, 
C1q, at synapses (McGreal and Gasque, 2002). Mice with defective C1q und C3 expression display 
defects in synaptic pruning (Stevens et al., 2007) as well as C4-deficient mice (Sekar et al., 2016). In the 
developing visual system microglia have been shown to internalize synaptic structures tagged with C3 
protein suggesting that C3 acts as a removal signal. This labeling with C3 is directly dependent on 
upstream components C1q und C4 (Bialas and Stevens, 2013; Sekar et al., 2016). The main source of 
C1q in the mature brain is produced by microglia and increases over lifetime (Fonseca et al., 2017). 
Under pathological conditions the C3 expression by microglia and reactive astrocytes is high just as 
during postnatal development and decreases over time (Schafer et al., 2012; Stephan et al., 2013). 
Microglia are able to recognize tagged structures via the complement receptor 3 (CR3). A rather 
indirect evidence for engulfment of inappropriate synapse material tagged with C3 is the finding that 
mice either deficient either for C3 or CR3 exhibit less microglia with internalized synaptic material 
(Schafer et al., 2012).  
Synaptic pruning mechanisms are well described in the developing visual system but are rather poorly 
described in other brain regions and under physiological conditions. There is evidence that the 
fractalkine receptor (CX3CR1), exclusively expressed by microglia is important for growth and 




1.3 Fractalkine Receptor CX3CR1 
Microglial immune effector functions are dependent on the release of cytokines to trigger recipient 
cell responses. As a subgroup of the cytokines, chemokines are small soluble molecules that are able 
to promote cell migration or arrest, and modulate spatio-temporal positioning of target cells under 
physiological and pathological conditions (Ransohoff, 2009). Chemokines are crucial for microglia-
mediated phagocytosis and apoptosis (Nakamura, 2002). One unique chemokine is fractalkine, also 
known as chemokine (C-X3-C motif) ligand 1, CX3CL1. Fractalkine is constitutely expressed by neurons 
in various forebrain regions (Mecci et al., 2000; Tarozzo et al., 2003; Heinisch et al., 2009; Ruchaya et 
al., 2012). Beside neurons, astrocytes have been shown to constitutively express fractalkine albeit at 
lower levels in adult mouse and other species (Sunnemark et al., 2005). 
The fractalkine receptor CX3CR1 is ubiquitously expressed by monocytes, dendritic cells and natural 
killer cells on the soma surface (Harrison et al., 1998; Jung et al., 2000). During healthy physiological 
conditions resident microglia are considered as the only source of CX3CR1-expressing cells and 
consequently the only cell type reactive to fractalkine signaling (Jung et al. 2000; Mizutani et al., 2012). 
One of the most important tools to study microglial physiology is the CX3CR1-GFP knock-in mouse line 
where the fractalkine receptor has been replaced by a green fluorescent protein (GFP) reporter (Jung 
et al., 2000). The CX3CR1-GFP homozygous mouse is completely devoid of fractalkine signaling and can 
provide insights into neuron-microglia signaling in a non-invasive manner (Tremblay et al., 2012; Wolf 
et al., 2013). In the developing somatosensory cortex, the microglial infiltration takes place in the first 
few days of neonatal development. Knock-out diminishes the number of detectable microglia in the 
barrel cortex at postnatal day 5 (P5) but is comparable to wild-type littermates at P9 (Hoshiko, 2012). 
The absence of fractalkine signaling impacts the colonization of the motor cortex resulting in 
accumulation in the subcortical white matter of CX3CR1knock-out mice at P5 (Ueno et al., 2013). 
Considering these results there is growing evidence that fractalkine signaling serves as 
chemoattractant function during normal brain development and is crucial for the recruitment of 
microglial cells to a specific time window of development.  
The involvement of fractalkine signaling at elimination processes of synapses during normal 
development was indirectly indicated by Paolicelli et al. 2011 by the finding that CX3CR1 knock-out 
mice exhibit lesser microglia in early postnatal stages accompanied by a transient decrease in dendritic 
spine density of the pyramidal neurons. Interestingly the previously described delayed infiltration of 
microglia was accompanied by impaired maturation of postsynaptic glutamate receptor subtypes such 
as GluN2A/GluN2B receptors in the somatosensory cortex of knock-out mice (Hoshiko et al., 2012). In 
addition, there are reports about differences in the regulation of excitatory postsynaptic currents 
(EPSCs) resulting in less efficient postsynaptic transmission and a deficit in synaptic pruning at the 




al., 2014). Other observations conclude that fractalkine additionally serves some regulatory functions 
on the electrophysiological properties of excitatory synapses as well. AMPA receptor dependent 
transmission of glutamatergic signaling in the hippocampus was negatively regulated by fractalkine 
(Ragozzino et al., 2006). Depletion of CX3CR1 results in reduced density of hippocampal microglia, but 
is also accompanied by delayed synaptic pruning and seizure susceptibly (Hughes, 2002; Nishiyori et 
al., 1998), as well as reduced synaptic efficacy (Pagani et al., 2015; Paolicelli et al., 2011). 
Another rather indirect possible regulatory function of fractalkine is its stimulatory effect of NMDA 
receptor functions (Scianni et al., 2013).  
Some modulatory effects on long-term synaptic plasticity are dependent on critical induction periods. 
Administration of fractalkine to acute hippocampal slices of 6-8-week-old wild-type mice leads to 
impairment of the long-term potentiation (LTP) at Schaffer collaterals. Slices from mice without 
functioning CX3CR1 do not exhibit impairments (Maggi et al., 2009). Subsequent studies report 
complete abolishment of LTP in knock-out mice (Rogers et al., 2011) or a more prolonged LTP during 
mild stimulation compared to wild-type littermates (Maggi et al., 2009). The effect of long-term 
depression (LTD) was examined on CX3CR1 knock-out mice as well compared to wild-type (WT) 
littermates and does not exhibit substantial changes in their physiology except short enhancement of 
LTP in thirteen days old knock-out mice. This effect seems to be transient since adult mice do not show 
any difference in LTD transmission. These observations are contradictory to a certain extent or suggest 
that fractalkine function is dependent on developmental stage, age and environment. 
1.4 Climbing fiber maturation and PCL development 
During the development of the juvenile nervous system, redundant synaptic connections are 
transiently formed. Subsequently, some connections are strengthened whereas others are weakened 
and eliminated (Katz and Shatz, 1996). Developmental remodeling is characterized in various brain 
regions, the neuromuscular junction and autonomic ganglia (Nguyen and Lichtmann, 1996; Hasan 
2013). Besides the dorsal lateral geniculate system (dLGN), the process of climbing fiber maturation in 
the young postnatal cerebellum is a well characterized model system for analyzing developmental 
establishment of functional connections in the CNS and is suitable for further investigation of the 
molecular processes underlying synaptic pruning (Chedotal & Sotelo, 1993; Crepel et al., 1976; Kano & 
Hashimoto, 2009; Mason & Gregory, 1984). 
In the adult cerebellum each Purkinje cell (PC) is innervated by one climbing fiber (CF), described as 
mono-innervation. During development, several Purkinje cells (PCs) are contacted by several CFs 
(Crepel et al., 1976). Within the first three postnatal weeks, the majority of the innervating CFs are 
gradually pruned resulting in the typical CF mono-innervation of PCs in the mature cerebellum (Crepel 




normal function of the cerebellar cortex and is analogous to the development of the neuromuscular 
junction. Early studies on mice lacking the glutamate receptor delta2 subunit 1 (mGluR1) show 
phenotypes with cerebellar malformations, degeneration or impairment of CF morphogenesis and CF- 
to PC synapse formation and also display multiple CF innervations on the PCs in adulthood resulting in 
functional defects (Puro et al., 1977; Kano et al., 1997; Miterko et al., 2018). 
The establishment of the CF-to-PC innervation can be divided into three to four phases (Hashimoto et 
al., 2009b; Kano et al., 2009; Hashimoto, 2009). Around the time point of birth, the projections of the 
inferior olive neurons are largely topographic and coarsely aligned with rostro-caudally oriented areas 
(Chedotal, Sotelo, 1992; Sugihara, 2005). Each PC receives multiple inputs of CFs from olivocerebellar 
axons. This “creeper stage” (P3) is followed by the cellular “nest stage” at P5 where CFs form contacts 
with the surrounding pseudopodia of the PC somata. (Chedotal & Sotelo, 1993; Sugihara et al., 2005). 
By P7 CFs enter a stage of functional differentiation, where one of the CFs innervating the given PC is 
selectively strengthened (Hashimoto and Kano, 2003). The following phase of massive CF elimination 
proceeds independent (P7 - P12) and dependent (P12 - P16) on parallel fiber (PF)-to-PC synapse 
formation resulting in CF-to-PC mono-innervation typically around P14 (Hashimoto, Yoshida et al., 
2009; Kano & Hashimoto, 2009; Scelfo & Strata, 2005), see figure 1. 
 
 
Figure 1 Climbing fiber maturation and PCL development. 
During a phase of functional differentiation where “winner” synapses are strengthened by LTP and not 
required “loser” synapses are weakened via LTD. In the two following phases, early and late synapse 
elimination, loser synapses are pruned either independent off (early phase) or dependent on (later 
phase) innervation of Purkinje neurons by parallel fibers (PFs; Figure by Kano and Watanabe, 2019). 
Abbreviations: BC: Basket cell; CF: Climbing fiber; GrC: Granular cells; PC: Purkinje cell; PF: Parallel 




1.5 Aim of the study 
Pruning in the early and late phase of development includes the removal of CF collaterals (Song et al., 
2008) as well as postsynaptic elements and cellular debris (Morara et al., 2001). Immature CF synapses 
are mostly located at the PC somata and are reduced to the typical PC to CF mono-innervation. At first 
the hypothesis was tested if microglia cells become enriched in the PC layer during the timing of CF 
elimination. 
For this purpose, microglial positioning during the full pruning period (P5 - P21) in the cerebellar cortex 
and the recruitment of microglia to the site of CF elimination, particularly the PC and molecular layer 
in WT mice, was evaluated.  
This study further explores whether the microglial fractalkine receptor is a possible key player for 
functional pruning of the CF-to-PC synapses. Studies of pruning events in the hippocampus indicate a 
crucial role for CX3CR1 as a key player for functional pruning (Paolicelli, 2011). For this purpose, 
advantage was taken from mice deficient for CX3CR1 by replacement of the fractalkine receptor with 
GFP [please see above; (Jung et al., 2000)] and possible impacts on microglial morphology and 
migration were analyzed. 
Finally, this study compares immunohistochemical staining and analysis of synaptic markers and their 
correlation with the assessment of electrophysiological findings in the juvenile cerebellum. To this end, 
the vesicular glutamate transporter 2 (VGluT2) during the time of the late CF elimination was analyzed 
with fluorescent intensity measurements and segmentation and the results were related to published 




2  Materials and Methods 
2.1 Materials 
2.1.1 General material 
2.1.1.1.1 Hardware 
Laboratory scale 440 47   KERN & SOHN GmbH, Balingen-Frommern 
Special accuracy weighting machine AG 204 Mettler-Toledo, Braunsbedra 
Digital-pH-meter Lab 850   Schott, Mainz  
PH-electrode SenTix WTW   Xylem Analytics, Weilheim 
Refrigerator Liebherr Comfort 4°C  Liebherr, Biberach an der Riß 
Freezer Liebherr MediLine -20°C  Liebherr, Biberach an der Riß 
Table centrifuge Fisherbrand   Fisher Scientific, Schwerte   
Magnetic stirrer RCT basic    IKA Labortechnik, Staufen 
Centrifuge Biofuge Pico    Heraeus, Hanau 
Deionizer Purelab flex    ELGA LabWater, Celle 
Cryostat Leica CM3050    Leica, Wetzlar 
Peristaltic pump Reglo Quick   Ismatech, Wertheim 
Epifluorescent microscope Olympus BX40 Olympus, Hamburg 
Confocal microscope Olympus FW 300  Olympus, Hamburg 
equipped with H117P1    Prior Scientific, Rockland, MA 
Confocal microscope LSM 800 with Airyscan  Zeiss, Jena 
equipped with 
EK 75x50 Pilot     Märzhäuser, Wetzlar 
 
2.1.1.1.2 Consumable supplies 
Butterfly cannula    Sarstedt,Nümbrecht 
Cannula Ø 0,55mm; 0, 45mm   B.Braun, Melsungen 
Coverslips 40x50    Menzel, Braunschweig 
Superfrost Specimen slides   Thermo Fisher Scientific, Dreieich 
Pipette tips 10 µl, 100 µl, 1000µl  Sarstedt, Nümbrecht 
Reaction tube 1ml, 2ml    Eppendorf, Hamburg 






2.1.2 Chemicals  
Isoflurane     Baxter GmbH, Unterschleißheim 
Paraformaldehyde (PFA)  Roth, Karlsruhe 
Saccharose    Roth, Karlsruhe 
Tissue tek OCT compound  Sakura 
Normal goat serum (NGS)  Jackson 
DAPI     Sigma, Steinheim 
BSA     Sigma, Steinheim 
Fluorescent mounting medium  Dako, Jena 
 
Basic chemicals were used from either Merck KGaA, Darmstadt or Carl Roth, Karlsruhe 
 
2.1.3 Solutions 
4 % PFA    30 % Formaldehyde methanol free 
     Diluted to 4 % with PBS 
PBS     22, 72 g NA2HPO4 
     5, 44 g KH2PO4 
     Adjust pH to 7, 4       
Blocking solution   Dilution of NGS with PBS to a final concentration of 10 % 
     Add 0, 2 % Triton X-100 
Antibody solution   Dilution of blocking solution 1:10 with appropriate antibody 
 
2.1.4 Animals 
Experiments were performed on mice homozygous for a replacement of the CX3C receptor 1 gene by 
the enhanced green fluorescent protein [eGFP; CX3CR1-/-, RRID: MGI: 2670353, Jackson Laboratory 
(Jung et al., 2000)] and for control C57/BL6N (RRID: IMSR_JAX:000664). Animals from postnatal day (P) 
4 to 21 were used without considering gender. Mice were kept in the animal facility of the University 
of Leipzig under a 12 h/12 h light-dark cycle with access to food and water ad libitum. Animal 
experimentation was performed in accordance with the EU Directive 2010/63/EU and have been 






2.1.5 Primary Antibodies 
Tab.1 Primary Antibodies 
Protein Research Resource Identifier Company 
   
Calbindin AB_2661873 Swant 
IBA1 AB_10641962 Synaptic Systems 
VGluT2 AB_887884 Synaptic Systems 
 
2.1.6 Secondary Antibodies 
Tab.2 Secondary antibodies 
Label Research Resource Identifier Company 
   
Alexa Fluor 647 goat anti rabbit RRID: AB_2633277 Life Technologies 
Alexa Fluor 568 goat anti guinea pig RRID: AB_141954 Life Technologies 




FIJI software    Schindelin et al., 2012; Schneider, Rasband & Eliceiri, 2012 
and the stitching plugin  Preibisch, Saalfeld & Tomancak, 2009 
Zen 2 (blue edition)   Zeiss, Jena, Germany 
Graphpad Prism 8.1.1   GraphPad Software, San Diego, CA 
Microsoft Office 2017-19 Microsoft, Redmont, WA 
Mathematica Version 12.0 Wolfram Research, Inc., Champaign, IL, USA 
GNU Image 
Manipulation Program (GIMP) 




The genotype of CX3CR1+/+ and CX3CR1-/- mice was confirmed by PCR from tail biopsies using CX3CR 




CX3CR forward plus CX3CR-knock in (eGFP) reverse (GTAGTGGTTGTCGGGCAGCAG) primers, 
respectively. PCR was performed as follows: one cycle at 95°C of 3 minutes, 40 cycles comprising 30 
seconds at 95°C, 30 seconds at 60°C and 1 minute at 72°C and one cycle at 72°C of 5 minutes for final 
elongation.  
2.2.2 Fixation and cryopreservation 
Mice were anaesthetized by the inhalation of isoflurane followed by transcardial perfusion with PBS 
for 5 minutes followed by perfusion with ice-cold 4% paraformaldehyde (PFA). Cerebella were 
removed and fixed overnight with 4% PFA. Tissue was subsequently transferred in 30% saccharose for 
48-72h followed by cryo-embedding. The frozen tissue was cut in 50 µm sagittal sections which were 
kept at-20°C until use. 
2.2.3 Fluorescence Immunohistochemistry 
Slices were thawed at room temperature for 30 minutes. Subsequently tissue was encircled with water 
repellant barrier to avoid dehydration of the material. Blocking was performed with 10% normal goat 
serum (NGS) and 0.3% Triton X-100 in potassium phosphate buffer saline (PBS) for 1h at room 
temperature (RT). The sections were incubated with primary antibodies diluted as described in section 
2.1.1.6. All primary antibodies were diluted in PBS containing 0.3% Triton X-100 (PBS/T). Incubation of 
antibody solutions on sections was done overnight at 4°C. Subsequently, sections were washed twice 
with PBS/T and incubated with appropriate fluorescent secondary antibodies (see sec. 2.1.4) in PBS/T 
for 2 h at RT kept in the dark. Sections were subsequently washed two times for 5 minutes with PBS 
followed by nuclear counterstaining with DAPI for 10 minutes. Excessed DAPI was removed by washing 
slices 3 x 5 minutes with PBS and the slides were mounted with fluorescent mounting medium. Slices 
were kept at 4°C until imaging. 
2.2.4 Quantification of Microglia in the Cerebellum 
Image processing and analysis for microglial morphology was done in collaboration with Christina Pätz 
and Prof. Jens Eilers from the Carl-Ludwig Institute, Leipzig. For overall quantification of microglia, IHC 
sections were imaged with an inverted confocal laser-scanning microscope equipped with an 40x/1.14 
NA oil immersion objective (FW 300, Olympus, Hamburg, Germany) and an upright laser-scanning 
microscope equipped with an 20x/0.8 NA objective. Tiled images were sampled via motorized stages 
with a z-step size of 0.5 µm. Images acquired with the FW300 were subsequently combined using FIJI 
software (Schindelin et al., 2012; Schneider, Rasband & Eliceiri, 2012) and the stitching plugin 




accomplished with the Zen 2 (blue edition) software. Combining and pseudo-coloring was done in FIJI; 
linear brightness and contrast adjustments were done homogeneously in each combined image.  
Cell counting was performed in a standardized region defined as a 200 µm central section within the 
cerebellar lobulus IV/V including the opposite banks (Fig. 1A). Immunostaining of PCs and nuclear 
counterstaining with DAPI allowed demarcation of the white matter (WM), the granule cell layer (GCL), 
the Purkinje cell layer (PCL), the molecular layer (ML) and, in young mice, the external granule cell layer 
(EGCL, Fig. 1B). Microglia were identified by IBA1 staining or GFP expression, manually counted and 
assigned to the respective layers depending on the location of their somata. Assignment to the PCL 
was done for microglia somata being located one diameter of a typical PC soma (approximately about 
20 µm) above or below the PCL.  
 
 
Figure 2 Schematic illustration of the quantification of microglia positioning. 
(A) Sagittal scheme of the mouse cerebellum showing the defined area of interest (dashed box) within 
lobulus IV/V. (B) Classification of cerebellar layers based on morphological features and 
immunostaining of Purkinje cells (PCs) with calbindin (CB, red) and nuclear counterstaining (DAPI, 
blue). (C) Quantification scheme of IBA1 - positive microglia (IBA1+, green). Microglia were assigned to 
specific layers based on the location of their cell bodies (circles). Note: truncated cells (cross) were not 
taken into account. WM = white matter, GCL = granule cell layer, PCL = Purkinje cell layer, ML = 
molecular layer, EGCL = external granule cell layer. Scale bars 40 µm. Confocal images from a 10-day-
old (P10) mouse. 
 
Quantitative analysis of microglial morphology was done using maximum intensity projections of 
confocal z-stacks of IBA1 - labeled microglia (Fig. 3 A). Cells without full cell body or processes were 
excluded. The soma size was determined by encircling the cell body counterstained with DAPI (not 
shown) with the FIJI free hand selection tool (Fig 3 B). The arborization area was quantified by 
measuring the area enclosed by the distal ends of the processes with the polygon selection tool (Fig. 3 




area (Basilico et al., 2019; Tremblay, Zettel, Ison, Allen & Majewska, 2012). The morphological index 
was originally developed for neurons to describe their area of surveillance by determination of the 
covered area but is also a suitable tool for overall description of cell complexity. 
 
 
Figure 3 Assessment of the morphological index of microglia. 
(A) Exemplary immunostaining of a maximum intensity projection of one IBA1-labeled microglia. (B) 
Determination of the soma size by encircling the nucleus with the FIJI free hand selection tool. (C) 
Assignment of the arborization area by selection of the distal ends of microglial processes.  
 
2.2.5 Assessment of VGluT2 in the cerebellum 
Image processing and analysis for VGluT2 assessment was done in collaboration with Dr. Karsten 
Winter from the Institute of Anatomy, Leipzig. 
Image processing and analysis was performed with Mathematica (Version 12.0, Wolfram Research, 
Inc., Champaign, IL, USA). Images were imported and split into corresponding green and red 
fluorescent channels. Channel images were enhanced using a top hat transformation (100 pixels wide 
circular mask) and shading correction (Gaussian filter width of 100 pixels for green and 25 pixels for 
red channel). Segmentation of green channel was performed using Otsu's (cluster variance 
maximization) thresholding method (Otsu, 1977), while segmentation of red channel was performed 
using local adaptive thresholding (100 pixels wide masking window). 
Subsequently, ROIs for the PCL, GCL and ML of the cerebellum were demarcated as described before 
(see sec. 2.2.4) and were manually drawn in the original images using GIMP (GNU Image Manipulation 
Program). Imaging artefacts were masked in the same way. Final masks for green and red channels 
were computed on the basis of all manual demarcations. Positive pixels of all masks were automatically 




2.2.6 Statistical Analysis  
Data sets from analyses of IHC images for microglia were tested for normal distribution using the 
D’Agostino Pearson normality (Omnibus K2) and the Kruskal-Wallis normality test (α = 0.05). Plots 
show median + interquartile range (IQR, 25/75). Statistical significances for Figure 6 were determined 
by Kruskal-Wallis test per age group. Differences between the WT and CX3CR1-/- (Fig. 9) were 
determined using multiple unpaired t-test with Holm-Sidak post hoc correction with α <.0.5. Data for 
microglial characterization (Fig. 10 and 11) were determined using Wilcoxon rank test with Bonferroni 
correction per age group. Data for analysis of the VGluT2 segmentation were tested for normal 
distribution using the Anderson-Darling and D’Agostino Pearson normality (Omnibus K2) test (α = 
0.05). Variance was tested for each genotype per age with modified one-way ANOVA (Welch ANOVA). 
Based on the results the multiple unpaired t-test with Holm-Sidak correction per age group was 
conducted. All statistical tests for histological data were conducted using GraphPad Prism 8.1.1 
(GraphPad Software, San Diego, CA) Asterisks denote differences at α levels of 0.05 (*), 0.01 (**), 0.001 





3  Results 
3.1 Postnatal enrichment of microglia cells in the cerebellar Purkinje cell layer 
Previous studies documented microglial infiltration of the cerebellum during embryonic to early 
postnatal development, describing a layer-specific heterogeneity in the cerebellar cortex (Ashwell, 
1990; Vela, Dalmau, González & Castellano, 1995) with features of phagocytotic activity such as 
phagocytotic cup formation (Perez-Pouchoulen, VanRyzin & McCarthy, 2015). The following section 
addresses the question whether microglia become specifically enriched nearby climbing fiber (CF) 
collaterals, i.e. in the Purkinje cell layer (PCL), during the period in which excess CF synapses undergo 
pruning. To this end the number of microglia cells, stained by IBA1, in P4 to P21 WT - mice in a 
standardized area-of-interest in lobulus IV/V was quantified (Fig. 2, 4, and 6).  
In the white matter (WM) microglia were present at a relatively stable density of around 600 cells per 
mm2 with no significant differences (‘n.s.’) across postnatal ages (Fig. 5 A). Microglia density in the gray 
matter (GM; Fig. 5 B), on the other hand, showed a clear developmental profile with a peak around 
P10. The microglia density in the granular cell layer was rather stable (GCL; Fig. 5 C; n.s.). Quantification 
of the layer-specific density revealed a similar developmental profile in the PCL (Fig. 5 D) and the 
molecular layer (ML; safely distinguishable from the PCL after P7, Fig. 5 E; * for an increased number 
in P8 vs. P12 and P13). The density in the external granular cell layer (EGCL), which could be resolved 






Figure 4 Microglial population of the PC and molecular layer peaks within a narrow time window 
during postnatal microglial population of the cerebellar cortex. 
(A - C) Representative immunohistochemical staining of PCs and microglia in sagittal sections of the 
cerebellar lobule IV/V at postnatal age, P6 (A), P8 (B), and P21 (C). PCs were stained with calbindin (CB, 
red), microglia with IBA1 (green), and nuclei with DAPI (blue). Note the enrichment of IBA1+ microglia 






Figure 5 Microglial density is relatively stable in the White matter and peaks around P10 in the gray 
matter, the Purkinje cell layer and the Molecular layer. 
(A - F) Density of IBA1+ microglia in the cerebellar white (A), and the gray matter (B) as well as the 
granular cell layer (C), the Purkinje cell layer (D), the molecular- (E) and the external granular cell layer 
(F) during postnatal development (P4 - P21, wild type). Note that the external granular cell layer was 
detectable only until P15 and that the molecular layer was detectable from P8 onwards. Data are 
presented as median + IQR (n=5). Asterisks denote statistical differences between the ages (Kruskal-
Wallis-test per age group, *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001). 
 
3.2 Microglial proximity to Climbing fibers  
In order to test the hypothesis if glia and CFs are in proximity to each other, additional 
immunohistochemical analyses at higher resolution in Igsf9-eGFP mice were performed. Staining for 
GFP improves the visibility of thin CF-processes, allowing visualization of possible interactions (Fig. 6, 
from an 8-day-old mouse). Concomitant staining for IBA1, and calbindin revealed that microglial 
processes are in close proximity towards the PC somata and extend towards the CFs (white arrow 
heads in Fig. 6 B and B’).  
This line provides a substantial fraction of CFs expressing GFP (Pätz et al., 2018), allowing visualization 





Figure 6 Proximity of microglia processes, PCs and climbing fibers. 
(A) Immunostaining of a sagittal cerebellar slice from a P8 Igsf9-eGFP mouse (full volume z-stack / 88 
slices). Microglia were stained with IBA1 (green), PCs with calbindin (CB, blue) and climbing fibers (CFs) 
with an antibody against GFP (shown in red). The dashed box is shown in higher magnification in (B 
and B’). (B and B’) Single plane confocal image of microglial processes (green, marked by arrow heads) 
in close proximity to the CFs (red) in the vicinity of PCs. Scale bars 50 µm. 
3.3 Population of the granular und molecular layer of CX3CR1 knock-out mice during 
early postnatal development 
Earlier studies have shown that lack of the fractalkine receptor CX3CR1 results in reduced microglia 
density and delayed synaptic pruning in the hippocampus (Pagani et al., 2015; Paolicelli, R. C. et al., 
2011). Moreover, microglial physiology has been suggested to be affected by knockout of CX3CR1 as a 
deteriorated migration and decreased dynamic motility of processes were observed in retinal microglia 
lacking CX3CR1 (Liang et al., 2009; Paolicelli, R. Chiara et al., 2014). We hypothesized that CX3CR1 




CX3CR1 might impair microglial migration and microglia allocation towards the PCL. Hence, we 
analyzed the postnatal colonization of the cerebellar cortex in CX3CR1-deficient mice. 
First the overall migratory behavior of microglial cells with CX3CR1 knock-out was analyzed for obvious 
migratory defects of microglia due to lack of CX3CR1. By immunohistochemical staining against IBA1 
and Calbindin for visualization of microglia and PCs, respectively, no obvious differences between wild-
type and the knock-out mice were detectable (Fig. 7 A and B). Next the microglial densities between 
wild-type and knock-out mice were compared to each other.  
 
 
Figure 7 Deletion of CX3CR1 does not affect microglial migratory abilities. 
(A) Representative immunohistochemical staining of PCs (CB, red), microglia (IBA1, green) and nuclear 
counterstaining (DAPI, blue) in the lobulus IV/V of P12 wild-type (WT) and (B) CX3CR1 -/- mice. Note 
that migratory behavior of microglia is hardly affected by deletion of CX3CR1. Scale bar 50 µm. 
 
While microglia density in the WM of WT mice is rather time-invariant, for CX3CR1-/- mice a slight 




of the gray matter, on the other hand, was delayed during the second postnatal week in CX3CR1-/- mice 
(Fig. 8 B, P12). Significantly lower cell numbers were found in the GCL and ML at P12 and P13 (Fig. 8 C, 
E), while the microglia population of the PCL was fairly comparable in WT and knock-out mice (Fig. 8 
E).  
 
Figure 8 Deletion of CX3CR1 results in delayed migration of microglia. 
(A) Quantification of the density of IBA1+ microglia in the white matter (WM) of WT (black squares, 
replotted from Fig. 2) and CX3CR1-/- mice (red circles) from P4 to P21. (B - E) Same as in (A) but for the 
gray matter (GM) as well as the granular cell (GCL), Purkinje cell (PCL) and molecular (ML). Data are 
shown as median + IQR (n=5). Statistically significant differences between WT and KO were found in 
the GM (B), GCL (C) and ML (E) at P12 and P13 (Multiple t-test with Holm-Sidak post-hoc correction 
per age group *P≤0.05, **P≤0.01, ***P≤0.001). 
 
3.4 Influence of CX3CR1 knock-out on microglial morphology  
CX3CR1 has been shown to affect the morphology of microglia in the hippocampus (Pagani et al., 2015). 
Besides investigating the overall distribution of microglia within the cerebellar cortex, we also analyzed 
the morphological appearance of microglia during early postnatal development (Fig. 9). The 
morphological index as the ratio of soma size and arborization area was calculated (Basilio, 2018; also 
see methods sec. 2.2.4) for microglia of WT and CX3CR1-deficient mice and binned the cells into three 





Figure 9 Normal microglial morphology in CX3CR1-deficient mice. 
Microglia of all layers in the lobulus IV/V of WT and CX3CR1 -/- mice were binned for the indicated 
postnatal ages (P5 - P8: WT n= 542/32/ 15 cells / slice / mice, KO, n = 512/37/15, P9 - P13: WT n= 
709/59/25, KO n= 876/58/22 and P15 - P21: WT n= 228/16/9 KO, n= 310/24/9) and the morphological 
index was calculated. Data are presented as boxplots showing the median + IQR (25/75) and whiskers 
(10 %). Bold lines indicate significant differences within WT or CX3CR1 -/- data (Wilcoxon rank test with 
Bonferroni correction per age group, P≤0.05, **P≤0.01, ***P≤0.001). No significant differences were 
found between WT and CX3CR1 -/-. 
There was a strong tendency of a declining morphological index during postnatal development of both 
strains pointing towards the ramification of microglia. The morphological index in WT mice thereby 
decreased from 0.15 at P5 - P8 to 0.05 at P9 - P13 and 0.1 at P15 - P21. Though the difference between 
the pooled age groups was highly significant in WT and CX3CR1-/- mice (*** between P5 - P8 and P9 - 
P13, P15 - P21 respectively), significant differences between both strains could be sporadically found 
in deeper analysis between age and genotype (Fig. 10, 11 and 12). For the morphological index 
calculation, two cell features in 180 – 250 cells per genotype and age were analyzed. First the soma 
size of the microglia (Fig. 10) was measured. The soma size remains relatively stable throughout the 
analyzed postnatal stages and cerebellar layers but is slightly increased in the WM of knock-out mice 
at all developmental stages with the exception of P13. Significantly increased soma sizes in CX3CR1-/- 
mice were detectable in the WM at P5 (Fig. 10 A), in the GCL at P8 (Fig. 10 B) and at P12 in the PCL and 





Figure 10 Microglial soma area development in WT and CX3CR1 knock-out mice. 
(A - C) Quantification of IBA1 - positive microglia soma area in the cerebellar white matter (A), the GCL 
(B), the PCL (C), and the ML of P5 to P21 WT (black bars) and CX3CR1-/- mice (grey bars). Note that the 
ML is safely detectable from P8 onwards. Numbers of analyzed microglia were 180 - 250 cells per age 
and genotype (n=5). Data were tested for distribution using D’Agostino-Pearson normality test (α = 
0.05). Statistical differences were tested by multiple unpaired t-test with Holm-Sidak post-hoc 
correction (α <0.5). Plots are shown as median + IQR (25/75). Asterisks denote statistically significant 
differences between the phenotypes (P≤0.05, **P≤0.01, ***P≤0.001). 
 
In a second step, the arborization area of the cells was determined (Fig. 11). Wild-type mice and mice 
devoid of CX3CR1- signaling show ascending arborization of microglial cells in the WM, GCL and PCL 
during the analyzed time period. At P6 and P10 the wild-type cells show significant higher arborization 
areas in the WM (Fig. 11 A) and in the GCL at P15 (Fig. 11 B). In contrast, the ML arborization area 
remains rather constant throughout the analyzed time points but exhibit significant differences 






Figure 11 Calculation of the arborization area of WT and CX3CR1 knock-out mice. 
(A - D) Quantification of IBA1 - positive microglia soma area in the cerebellar white matter (A), the GCL 
(B), the PCL (C), and the ML (D) of P5 to P21 WT (black bars) and CX3CR1-/- mice (grey bars). Note that 
the ML is safely detectable from P8 onwards. Numbers of analyzed microglia were 180 - 250 cells per 
age and genotype (n=5). Data were tested for distribution using D’Agostino-Pearson normality test (α 
= 0.05). Statistical differences were tested by multiple unpaired t-test with Holm-Sidak post-hoc 
correction (α <0.5). Plots are shown as median + IQR (25/75). Asterisks denote statistically significant 
differences between the phenotypes (P≤0.05, **P≤0.01, ***P≤0.001). 
 
Similar tendencies are recognizable by analyzing the morphological index of all areas. The overall index 
number is decreasing with increasing age in all analyzed cerebellar layers (Fig. 12 A - D). Significant 
higher index numbers of the knock-out are visible at P8 in the ML (Fig. 12 A) but lower numbers in the 







Figure 12 Morphological index of WT and CX3CR1 knock-out mice. 
(A - D) Quantification of IBA1 - positive microglia soma area in the cerebellar white matter (A), the GCL 
(B), the PCL (C), and the ML (D) of P5 to P21 WT (black bars) and CX3CR1-/- mice (grey bars). Note that 
the ML is safely detectable from P8 onwards. Numbers of analyzed microglia were 180 - 250 cells per 
age and genotype (n=5). Data were tested for distribution using D’Agostino-Pearson normality test (α 
= 0.05). Statistical differences were tested by multiple unpaired t-test with Holm-Sidak post-hoc 
correction (α <0.5). Plots are shown as median + IQR (25/75). Asterisks denote statistically significant 
differences between the phenotypes (P≤0.05, **P≤0.01, ***P≤0.001). 
 
3.5 Influence of CX3CR1 deletion on the VGluT2 expression during postnatal 
development  
Electrophysiological records at P9 to P17 mice revealed that the probability of finding multiple CFs in 
CX3CR1-/- mice correspond with the findings in WT mice (Kaiser et al., 2020) suggesting that CX3CR1-
signaling is not substantial for proper CF-formation. 
We tested the hypothesis if there is a connection to the immunohistological pattern of VGluT2 positive 
synaptic terminals with the measurement of electrical currents in the same area of interest in the 




We therefore investigated if there is a correlation between the detectable declining EPSCs due to the 
resulting mono-innervation of PCs at later developmental stages and immunohistological staining of 
VGluT2 terminals. 
One way to investigate fluorescent signal is the measurement of fluorescence intensities (Nakayama 
et al., 2018). Another possibility is the segmentation of immunohistochemical staining (Sönnichsen et 
al., 2018). In contrast to the direct measurement of fluorescence intensities, this method provides 
robustness to brightness differences and background noise between individual values due to technical 
variances of the staining result. 
The segmentation of wild-type VGluT2 signal appears around one percent in all investigated time 
points in the PCL (Fig. 13 A). The VGluT2 pixel area in the PCL of CX3CR1-/- mice appears generally with 
higher scattering as well as higher median of the analyzed pixel area compared to WT mice. Significant 
higher pixel area values of CX3CR1 knock-out are detectable at P8 - P10 and P12 - P13 (Fig. 13 A, light 
gray). 
The assessment of the pixel area in the GCL for the wild-type appears at around 2,5-3 % until P15 with 
no significance between the analyzed postnatal stages. The knock-out again appears with higher 
scattering of the pixel area values around 2, 5-4% (Fig. 13 B). Significant more VGluT2 positive pixel of 
CX3CR1-/- can be found with the exception of P11 in all investigated time points. 
By comparing the wild-type with the knock-out, we detected as well immunoreactivity for VGluT2 in 
the GCL with significant difference at P9, P10 and P12 (Fig. 13 C).   
 
 
Figure 13 Assessment of VGluT2 pixel area distribution throughout the cerebellar layer. 
(A – C) Segmentation of VGlut2-positive area of P8 to P15 WT (black dots) and CX3CR1-/- mice (gray 
dots) in the PCL (A), the GCL (B), and the ML (C). Data were taken from 15 images of three animals per 
age and genotype and are shown as median + IQR (n=3). Statistically significant differences between 
WT and KO were found in all analyzed areas (Multiple t-test with Holm-Sidak post-hoc correction per 




4  Discussion 
4.1 Role of microglia in the developing cerebellum 
Besides their phagocytotic function during diverse neuropathological conditions, microglia are 
increasingly recognized as important factor for shaping synaptic efficacy and ensuring functional 
maturation of the central nervous system. They play a role in synaptic remodeling by direct removal 
of synaptic contacts (Harry, 2012; Perry & O'Connor, 2010). ‘Stripping’ of synaptic contacts by microglia 
has been proposed to occur as a consequence of peripheral nerve injury (Blinzinger & Kreutzberg, 
1968; Graeber, Bise & Mehraein, 1993; Svensson & Aldskogius, 1993), ischemia (Wake, Moorhouse, 
Jinno, Kohsaka & Nabekura, 2009), or inflammation (Trapp et al., 2007). But also, during physiological 
conditions, microglia-mediated pruning seems to be operational (Paolicelli et al., 2011; Schafer et al., 
2012; Stephan et al., 2013; Tremblay et al., 2010). Nevertheless, the role of microglia during 
physiological development of the cerebellum is not well understood. This study focused first on the 
overall population of the cerebellum by microglia during the first weeks of postnatal development. 
Contrary to other brain regions the development of the cerebellum is not completed after birth 
(Watanabe et al., 2019).  
Glia cells have been associated with pruning-related incorporation and removal of cell debris, 
comprising CFs collaterals (Song et al., 2008) and postsynaptic elements of PCs (Morara et al., 2001). 
Here, it could be shown, consistent with previous findings (Nakayama et al., 2018; Perez-Pouchoulen 
et al., 2015), that after birth, microglia translocate from the WM towards the cerebellar cortex (Fig. 5 
and 6). Further, the population of the PCL and the ML increases during early postnatal development, 
peaking around P8 - P13 (Nakayama et al., 2018), which coincides with the period of excess CF 
elimination in the mouse cerebellum (Hashimoto, K., Ichikawa et al., 2009; Scelfo & Strata, 2005). At 
the same time, microglia are visible in close contact to PC somata and processes are in close proximity 
to CF collaterals (Fig. 7), similar to findings in the lateral geniculate nucleus of mice (Schafer 2012), 
raising the possibility that microglia indeed are potentially capable of participating at the pruning 
process of CF-to-PC synapses.  
Interestingly, microglia seem to rarely directly engulf CFs during postnatal development in the 
cerebellum. Signs of direct phagocytotic activities like the so-called phagocytic cups, which are seen in 
the rat cerebellum within the third postnatal week (Perez-Pouchulon et al., 2015), were absent during 
all investigated time points providing the possibility that the majority of CFs might not be pruned by 
direct engulfment but rather indirectly by synaptic mechanisms, in which microglia may be involved 
(Nakayama et al., 2018). A strong argument for the theory of activity-dependent pruning of CFs in the 
cerebellum is enrichment of the microglia in the related area. Compared to areas like the white matter, 




of microglia in order to achieve their typical non-overlapping distribution as visible in the adult brain. 
Signs of pointed movements to CF collaterals like documented in other areas with well documented 
synaptic rearrangement like the mouse visual system (Tremblay, 2010) were absent. 
Besides, hippocampal microglia have been shown to modulate presynaptic structures by selective 
partial phagocytosis and induce postsynaptic spine head filopodia by selective engulfment of dendritic 
spine heads (Weinhard et al., 2018), supporting the hypothesis that microglia possibly rather not 
directly engulfing synaptic material in the cerebellum unlike in other brain regions such as the 
postnatal retinogeniculate system (Schafer et al., 2012).  
The here presented data suggest that microglia populate the PCL at the time window of CF elimination, 
giving the possibility of their contribution in the developmental elimination of CFs. Whether microglia 
directly remove pre- and/or postsynaptic structures or whether glia-dependent mechanisms stimulate 
CF elimination indirectly (Nakayama et al., 2018) requires further investigations. 
4.2 CX3Cr1 Signaling and influence on microglial motility and morphology 
Fractalkine has been shown to induce migration of cortical (Maciejewski-Lenoir, Chen, Feng, Maki & 
Bacon, 1999) and retinal microglia (Zhang, Xu, Liu, Ni & Zhou, 2012).  
Mice devoid of CX3CR1-signaling show a transient delayed, but otherwise normal population of the 
different layers of the cerebellar cortex (Fig. 8). These results are similar to studies in hippocampal 
slices from CX3CR1-/- mice, whereas a reduced mobility of microglia has been reported (Pagani et al., 
2015) and extensive studies in the mouse barrel cortex where microglial cells as well display transient 
delayed recruitment to maturating synaptic sites (Hoshiko et al., 2012). Similar findings were reported 
for retinal microglia (Liang et al., 2009), raising the possibility that fractalkine signaling somehow 
modulates the migratory behavior of microglia but is not an essential factor for overall dynamic 
behavior of microglia. If the delay in the population of the cerebellar cortex underlies absent CX3CR1- 
CX3CL1 interactions or if the microglia itself is somehow affected remains subject of further 
investigations and could be addressed by live-cell imaging.  
In addition to observations at the motility of microglia, this study investigates as well the dynamic 
microglial morphology during early postnatal development. Contrary to other cell types like neurons 
microglia exhibit large plasticity in order to fulfill the variety of functions they are capable of. As already 
mentioned, microglia follow a developmental rearrangement of their appearance from the juvenile 
“amoeboid” phenotype to the so-called resting-type with widely ramified processes (Kreutzberg, 
1966). Assessment of the morphological index reflects the developmental phenotype (Fig. 9 and 13) 
and represents this process very well.  
By taking the arborization area with this method, one takes the assumption that the area covered by 




development with the macrophage-like amoeboid phenotype and later ramificate on their destination 
place. During this process the microglia largely increase their branching and process length itself, which 
results in higher arborization areas of the cells but declining morphological index. Thus, these results 
suggest that the morphological maturation of cerebellar microglia is mostly not affected in CX3CR1-/- 
mice. Nevertheless, the here presented data appear a bit counteracting. At P15 the knock-out cells do 
exhibit smaller arborization area in the GCL compared to wild-type microglia (Fig. 11 B) while at P21 
the KO provides higher arborization areas in the ML (Fig. 11 D). 
Consulting a parameter such as the morphological index provides the advantage to avoid rather 
subjective morphological classifications for microglia in stages. Microglia are capable of carrying out a 
variety of tasks depending on their location and chemical conditions they find. To get better insight in 
microglial functions, more recent studies discarded the approach to link morphology to microglial 
function including the notion that the former “resting” phenotype of microglia also can be classified 
as chemically “active” or “reactive” depending on environmental condition, expression profile and 
origin of the microglial cell (Kierdorf and Prinz, 2013). A major disadvantage is that microglia are in 
general a rather highly heterogeneous cell population and during development, most morphological 
approaches are further complicated by largely extended developmental rearrangements leading often 
to extended variations in cell populations compared to adult mouse models. Today the 
characterization of microglial activity status is achieved by transcriptomic profiling of single cells 
(Reviewed by Gerrits et al., 2019).  
Altogether, this study concludes that fractalkine signaling plays a region and time specific role in 
microglia migration and morphology and probably in synaptic refinement. For pruning of CF-to-PC 
synapses, CX3CR1 does not seem to be an essential player. For deepening the knowledge of the full 
functional spectrum of cerebellar microglia, molecular methods such as single-cell RNA-sequencing 
and microarray methods are appropriate methods to extend existing data. 
 
4.3 CX3CR1 signaling and synaptic pruning  
In the healthy brain, expression of the chemokine receptor CX3CR1 is restricted to microglia and 
macrophages, while expression of fractalkine, CX3CL1, its only known ligand, is confined to selected 
neurons suggesting their contribution in neuron-microglia interaction (Harrison et al., 1998; Hughes, 
Botham, Frentzel, Mir & Perry, 2002; Jung et al., 2000; Nishiyori et al., 1998).  
In this study CX3CR1-/- mice were used to analyze the possible contribution of fractalkine signaling in 
CF pruning in the developing cerebellum. CF elimination starts around P7 resulting in CF-to-PC mono-
innervation around P14 (Hashimoto, K., Ichikawa et al., 2009; Scelfo & Strata, 2005). During this time 




Regression of CFs has been described by the probability of finding multiple CFs per PC, which is around 
90% at P7 and drastically declines to about 30% during the second postnatal week (Bosman et al., 
2008) and to < 2% in mature animals (Eccles et al., 1966). The here presented study exhibits a disturbed 
migration of microglia towards the PCL at the time of CF elimination in CX3CR1 knock-out mice (Fig. 7 
and 9). Accompanying electrophysiological studies show a prolonged probability of finding multiple 
innervations in WT mice and CF-to-PC mono-innervation at P17 (Kaiser et al., 2020), which is somewhat 
later than proposed in other studies (Hashimoto, K., Ichikawa et al., 2009; Scelfo & Strata, 2005) But 
the typical mono- innervation at later developmental stages remains unaffected (Kaiser et al., 2020). 
In contrast to synaptic refinement in the cortex, hippocampus and olfactory bulb (Hoshiko et al., 2012; 
Paolicelli, R. C. et al., 2011; Reshef et al., 2017), elimination of excess CFs in the cerebellum does not 
rely on fractalkine signaling. In view of the weak expression of fractalkine in the cerebellum compared 
to the other brain areas (Harrison et al., 1998; Nishiyori et al., 1998) CX3CR1 may be a region-specific 
and temporal mediator of synaptic refinement. 
 
4.4 CX3CR1 signaling and formation of functional synapses 
Microglia have been reported to induce synapse formation in, for example, the hippocampus (Lim et 
al, 2013) and the somatosensory cortex (Miyamoto et al., 2016). In the cerebellum, microglia have 
recently been shown to be crucial for normal formation of functional GABAergic inhibitory synapses 
on PCs during postnatal development (Nakayama et al., 2018). A disturbed inhibitory synaptic 
transmission caused by severe reductions of microglia cells has been associated with an impairment 
of CF synapse elimination (Nakayama et al., 2018). Furthermore, the CX3CR1 signaling pathway has 
been reported to affect functional synapse maturation (Hoshiko et al., 2012; Zhan et al., 2014), 
plasticity (Maggi et al., 2009; Paolicelli, 2011; Rogers et al., 2011) and activity (Heinisch & Kirby, 2009). 
Here we report that the number of microglia cells in the granule and molecular layer of CX3CR1-
decifient mice is slightly reduced during the second postnatal week (Fig. 4). Furthermore, 
accompanying studies were able to proof at the same time that the formation of functional parallel 
fibers (PFs) and GABAergic inhibitory synapses on PCs, both prerequisites for proper CF maturation 
(Nakayama et al., 2012; Kano et al., 1997; Kano and Hashimoto, 2009b), is normal in CX3CR1-KO mice 
(Kaiser et al., 2020). 
In summary, absence of CX3CR1 and the accompanied transient reduction of cerebellar microglia 
neither influences the development of PF-to-PC synapses nor the inhibitory transmission on PCs. In 
line with this, an undisturbed formation of PF-to-PC synapses was also reported when microglia were 
almost absent during postnatal development (Nakayama et al., 2018). The normal establishment of 




involved in microglia-mediated formation of functional inhibitory synapses in the developing 
cerebellum (Nakayama et al., 2018), suggesting that microglia are not crucial for proper formation of 
PF synapses.  
 
4.5 Correlation of immunohistological data with electrophysiological findings  
Accompanying studies in mice with defective CX3CR1 signaling were able to extend the knowledge of 
functional maturation of CFs (Nakayama et al., 2018) and proper development of CF -mono-
innervation (Kaiser et al., 2020). Most studies use electrophysiological approaches and are able to give 
insight to more functional aspects of synapse maturation. We tested the possibility for using 
immunohistological approaches to get more insight into spatial configuration. We further tested if 
these approaches reflect the development at the electrophysiological level. Graded step-wise 
stimulus-response curves as shown in Kaiser et al. (2020) exhibit lower probability for finding multiple 
innervations of CFs in the cerebellum with further development of wild-type and CX3CR1 knock-out 
mice with no differences between the genotypes. Our segmentation data exhibit a general higher 
median of the CX3CR1 knock-out mice with significant differences to the wild-type in the PCL and GCL. 
Another difference is the rather stable pixel area of all investigated time points (Fig. 13). We expected 
a more declining VGluT2 pixel area resembling the declining innervation of the PCs. Another point is 
the VGluT2 signal in the GCL. Electrophysiological approaches are able to accurately stimulating the 
response of CFs und PFs whereas VGluT2 staining in the cerebellum does not only identify CF axon 
terminals, but also demark signals from mossy fiber terminals originating from the hippocampus and 
ending in the GCL (Hioki et al., 2003). This results in rather inaccurate segmentation of CF collaterals 
and is maybe responsible for varying results between the methods. Another issue for segmentation 
methods is the sensitivity to outliers that will eventually distort the results. 
Altogether, the correlation of segmentation data is desirable but is very limited due to technical 
limitations. For a theoretical exact evaluation of the relationship of current flow to structural 
properties, the population of experimental animals should be more standardized. During postnatal 
development, the variation of developmental processes towards adulthood including synaptic shaping 
between individual mice is naturally very bright and often results in wide statistical scattering of 
measurements. To further limit variations between the animals, the evaluation might be replicated in 








5 Summary and conclusion 
In this report, the migration of microglia into the cerebellar cortex during early postnatal development 
and their possible contribution to the elimination of CF-to-PC synapses was analyzed. Further, the 
effect of CX3CR1-deficiency and the impact on microglial morphology and migratory behavior were 
investigated. 
Microglia enrich in the Purkinje cell layer at pruning-relevant time points between P5 and P21 
suggesting that microglia are actively involved in synaptic pruning. By using genetic ablation of the 
CX3CR1 receptor and an in–depth histological analysis of the cerebellar cortex the possible contribution 
of microglial CX3CR1 signaling postnatal development was investigated. Here an aberrant migration of 
microglia into the granule and the molecular layer was found. Analysis of the impact of CX3CR1 deletion 
on the microglia itself and the comparison with wild-type mice by utilization of a morphological index 
revealed no major effects between the mouse strains and the ability of the microglia for ramification 
with proceeding age.  
Accompanying electrophysiological analysis (Kaiser et al., 2020) showed that defective fractalkine 
signaling and the associated migration defects neither affect the pruning of excess climbing fibers (CFs) 
nor the development of functional parallel fiber and inhibitory synapses with PCs. These findings 
demonstrate that CX3CR1 signaling is not mandatory for correct cerebellar circuit formation. 
Immunohistological segmentation of VGluT2 positive synapses and the correlation to 
electrophysiological data were leading to rather incoherent data and were not suitable to get more 
spatial information for synapse rearrangement due to technical limitations. 
Taken together, the establishment of the cerebellar climbing fiber (CF)-to-Purkinje cell (PC) synapse 
provides a suitable model to study pruning and pruning-relevant processes during early postnatal 
development. Evidence for the contribution of CX3CR1- signaling and microglial contribution on 
synaptic pruning were described for dendritic spine formation in hippocampal neurons (Paolicelli et 
al., 2011). Our data are summarizing transient microglial migratory defects in the cerebellar cortex but 
otherwise normal formation of the typical mono-innervation of CFs to PCs leading to the conclusion 
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Mikroglia sind die immunkompetenten Zellen des Zentralen Nervensystems und spielen eine 
entscheidende Rolle als hauptsächliche Effektorzellen gegen Pathogene im Gehirn. Sie stammen von 
primitiven Dottersackmakrophagen ab und wandern schon früh während der Entwicklung in das 
Gehirn ein, wo sie auch die gesamte Lebenszeit des Organismus mit geringer Fluktuation überdauern 
(Ginhoux et al., 2010; Kierdorf et al., 2013; Goldmann et al., 2016). 
Mikroglia scannen ihre Umgebung konstant, um pathologische Veränderungen wahrzunehmen 
(Kreutzberg, 1996; Nimmerjahn, Kirchhoff & Helmchen, 2005; Schulz et al., 2012). Nur während 
massiver neuropathologischer Ereignisse, wie z.B. Bestrahlung (Mildner et al., 2007) oder axonaler 
Degeneration (Bechmann et al.,2005) werden mononukleäre Zellen aus dem Blut rekrutiert, welche in 
Mikroglia-ähnliche Zellen differenzieren können (Li et al., 2019; Lund et al., 2018; Shemer et al., 2018). 
Neben ihrer Funktion als früher Sensor für neuopathologische Ereignisse (Ransohoff & Perry, 2009) 




Verfeinerung eine wichtige Rolle (Paolicelli et al., 2011; Schafer et al., 2012; Tremblay, Lowery & 
Majewska, 2010). Die exakten molekularen Mechanismen zur Interaktion mit Synapsen sind bislang 
nicht geklärt. Ein bestätigter Mechanismus interagiert durch die klassische Komplementkaskade und 
ist abhängig von der Aktivität der synaptischen Verbindungen, welches für das visuelle System 
beschrieben werden konnte (Schafer et al., 2012; Stephan, Barres, & Stevens, 2012; Stevens et al., 
2007). Die Elemente der Komplementkaskade C1q und C3 sind an allen präsynaptischen Endigungen 
lokalisiert, aber Mikroglia scheinen vorzugsweise „schwach feuernde“ Synapsen zu phagozytieren. 
Ein weiteres mögliches Schlüsselmolekül für synaptische Umgestaltung stellt der Fraktalkinrezeptor 
CX3CR1 dar. Vorangegangene Studien konnten zeigen, dass die Depletion von CX3CR1 zu einer 
verminderten Migration von Mikroglia in den Hippocampus, begleitet von verspätetem synaptischen 
Pruning, einhergeht (Pagani et al., 2015; Paolicelli et al., 2011).  
Synaptisches Pruning ist ein entwicklungsbiologisches Programm zur Elimination von überschüssigen 
Verschaltungen von Synapsen und zur Manifestation und Aufrechterhaltung wichtiger synaptischer 
Verbindungen (Hua & Smith, 2004; Katz & Shatz, 1996; Sanes & Lichtman, 1999). Die 
Kletterfaserreifung im juvenilen Cerebellum ist ein gut untersuchtes Modell zur Untersuchung von 
synaptischen Pruning (Chedotal & Sotelo, 1993; Crepel, Mariani & Delhaye‐Bouchaud, 1976; Kano & 
Hashimoto, 2009; Mason & Gregory, 1984). Im noch juvenilen Cerebellum ist eine Purkinjezelle von 
multiplen Kletterfasern innerviert (Crepel et al., 1976). Innerhalb der ersten drei postnatalen Wochen 
werden diese überzähligen synaptischen Verknüpfungen abgebaut, was dann in der typischen 
Monoinnervation der Purkinjezelle durch eine Kletterfaser resultiert (Crepel et al.,1976; Mason & 
Gregory,1984). 
Diese Studie befasst sich mit der Frage, ob Mikroglia innerhalb des cerebellären Cortex synaptisches 
Pruning potentiell durchführen und ob der mikrogliale Rezeptor CX3CR1, wie auch im Hippocampus 
(Paolicelli et al., 2011), eine ebenso wichtige Rolle für das funktionelle Pruning der synaptischen 
Verbindung von Kletterfasern mit Purkinjezellen spielt. Ebenso wurde analysiert, ob die Mikroglia als 
solche durch eine genetische Deletion von CX3CR1 morphologische oder migratorische Veränderungen 
zeigt.  
Hierzu wurden cerebelläre Mikroglia von Mäusen mit funktionalem CX3CR1 als auch Mäuse mit 
deletiertem CX3CR1 im Alter von fünf Tagen (P5) bis P21 miteinander verglichen. Mikroglia sind 
während der für das Pruning relevanten Zeit zwischen P5 und P21 vermehrt im cerebellären Cortex 
und in der physikalischen Nähe von Kletterfasern zu finden. Tiefer gehende immunhistologische 
Analysen des cerebellären Cortex von Mäusen ohne CX3CR1 zeigen eine veränderte Migration von 




Eine Analyse der Mikrogliazellen und der Vergleich zu wildtypischen Mäusen durch die Nutzung des 
morphologischen Index deutet jedoch nur auf kleine Veränderungen der Zellmorphologie oder der 
morphologischen Ramifizierung der Mikroglia hin.  
Begleitende elektrophysiologische Analysen (Kaiser et al., 2020) zeigten zudem, dass das Pruning von 
überzähligen synaptischen Verbindungen der Kletterfasern mit Purkinjezellen ebenfalls nicht 
beeinträchtigt wurde. 
Diese Ergebnisse demonstrieren, dass die Interaktion von Mikroglia über den CX3CR1-Rezeptor nicht 
zwingend für eine korrekte Entwicklung der cerebellären Verschaltung erforderlich ist. Zusätzlich 
wurde untersucht, ob es möglich ist, immunhistologische Färbungen und die anschließende 
Segmentierung von VGluT2-positiven Synapsen welche charakteristisch für präsynaptische 
Kletterfaserendigungen sind, mit elektrophysiologischen Ergebnissen zu korrelieren. Die daraus 
gewonnenen Ergebnisse führten zu eher uneinheitlichen Daten und sind daher nicht geeignet, um 
mehr räumliche Erkenntnisse über synaptische Umgestaltungen zu erhalten. 
Zusammengefasst kann die Etablierung von cerebellären Kletterfaserverbindungen mit Purkinjezellen 
als ein Modell zur Untersuchung von entwicklungsbiologischem Pruning genutzt werden und weitere 
Fragestellungen anhand dieses Modells untersucht werden. Eine Evidenz, dass der CX3CR1- Signalweg 
die gleiche Bedeutung wie bei der Entwicklung von dendritischen Dornen in hippocampalen Neuronen 
(Paolicelli et al., 2011) hat, konnte nicht bestätigt werden. Die typische Monoinnervation von 
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